Introduction
Acute kidney injury (AKI) complicates many pediatric and adult hospitalizations, with pediatric AKI rates ranging from 10 to 80% depending on the underlying severity of illness and comorbidities [1] . Pediatric AKI is consistently associated with increased morbidity in the critically ill child, with mortality rates reaching 50% in children receiving renal replacement therapy. As with adults, AKI provides an opportunity to prospectively follow survivors for the development of chronic kidney disease (CKD), yet, such follow-up has not been conducted systematically in either pediatric or adult populations [2] . In addition, a number of factors peculiar to the pediatric population pose barriers to accurate ascertainment of CKD in AKI survivors. The potential for renal recovery may be dependent on the stage of human development (perhaps not seven though), as the relationship between renal re-serve and patient size and age can affect the detection of a functional decline. The aims of this article are to (1) review the current knowledge of recovery of kidney function after a pediatric AKI episode; (2) highlight the barriers to CKD ascertainment in pediatric AKI survivors, and (3) provide recommendations for a rational follow-up of children who survive an episode of AKI.
Renal Recovery Definition
The definition of renal recovery has not been standardized in the published AKI trials and is therefore multidimensional with both time and residual renal function components [3] . Pediatric studies have categorized renal recovery anywhere from dialysis independence during an intensive care unit or hospital stay, up to 3-5 years after the onset of the AKI episode. [4] .
Pediatric renal recovery ascertainment is challenged in a number of ways. First, no definition has been validated for neonatal AKI. Since preterm and term infant serum creatinine (and hence, kidney function assessment) reflects maternal creatinine, a creatinine-based AKI definition remains elusive due to the difficulty in determining the baseline creatinine. For example, a newborn's creatinine should decline from a maternal level of 0.8-1.2 mg/ dl to a normal level of 0.2-0.3 mg/dl in the1st week of life. Failure of the creatinine to decrease in that time frame or to that level could potentially be viewed as AKI. The recent NIH-sponsored Neonatal Acute Kidney Injury Workshop (http://www.niddk.nih.gov/news/eventscalendar/Pages/neonatal-acute-kidney-injury-workshop.aspx) will yield a consensus neonatal AKI definition that must be tested.
Infant glomerular filtration rate (GFR) increases over the 1st year of life from 15 to 90 ml/min/1.73 m 2 , resulting in difficulty in deriving an AKI threshold [5] . The current CKD studies and definitions exclude children under 1 year of age; thus, the diagnosis of CKD cannot be made in small children at this point [6] . Finally, children are born with substantial relative renal reserve, with more than sufficient clearance capacity in relation to their metabolic output. Thus, even if an AKI episode leads to significant kidney damage, functional impairment manifested by change in serum creatinine-based estimated GFR (eGFR) may not become manifest until a child enters their adolescent growth spurt with the associated increase in metabolic load.
Recovery at Different Ages

Neonatal Renal Recovery
In addition to the difficulties noted above, a number of issues unique to the neonatal population pose challenges to AKI to CKD ascertainment. First, since glomerulogenesis is not complete until 36 weeks of gestation, an AKI episode in preterm infants could theoretically cause irreversible developmental injury to the nephron. Should such an injury be classified as CKD, especially in light of the fact that the rate of CKD itself, independent of AKI, is 2-fold higher in preterm versus term infants [7] ? No national guidelines exist for systematic serum creatinine measurement either during the neonatal course or in long-term survivor cohorts. Thus, AKI and CKD ascertainment is driven by the local standard of clinical care.
Very few studies have looked at AKI in neonates, and only two studies have reported on long-term follow-ups of AKI in this population. Abitbol et al. [8] assessed chronic kidney injury in 20 extremely low-birth-weight (<1,000 g) infants at least 3 years after an AKI episode. AKI was defined as a serum creatinine >2 mg/dl for more than 48 h or oliguria <0.5 ml/kg/h for 24 h. Infants with decreased GFR after >3 years of follow-up were noted to have had higher urinary protein excretion and serum creatinine at 1 year of age. These data argue for serum creatinine and urine protein screening at 1 year of age in premature infants with AKI. We recently reported pilot data from 51 survivors of cardiopulmonary bypass surgery 5-8 years after enrollment in a study of urinary AKI biomarkers [9] . While no difference in GFR, urine protein or hypertension rates were seen between the AKI+ (n = 33) and AKI-(n = 18) survivors, urinary kidney injury molecule 1, interleukin-18 and liver-type fatty acid binding protein concentrations were all higher in AKI+ patients 5-8 years after AKI. These data suggest that damage may persist in AKI+ patients and that a functional change may not be apparent for years to come.
Pediatric Renal Recovery at Hospital Discharge
Hui-Stickle et al. [10] performed the largest contemporary assessment (n = 254 children) of pediatric AKI in a single center from 1999 to 2001. In their study, AKI was defined by hospital discharge or death summary and verified with a measured eGFR of <75 ml/min/1.73 m 2 . One hundred seventy-six patients survived to hospital discharge, with 66% recovering back to a baseline serum creatinine, 29% with incomplete recovery, and 5% requiring dialysis at the time of discharge. Ball and Kara [11] found that 40% of AKI survivors had decreased GFR, proteinuria, or hypertension at the time of hospital discharge in New Zealand. Thus, one third to one fourth of pediatric AKI survivors likely warrant long-term follow-up for CKD development.
Pediatric Renal Recovery after Hospital Discharge
Askenazi et al. [12] assessed long-term kidney injury and function 3-5 years after AKI in the patients from the Hui-Stickle cohort. While 11 patients were dialysis dependent at the time of discharge, another 5 patients developed end-stage renal disease during the follow-up period. Seventeen of 29 patients who returned for assessment had at least one sign of CKD/chronic kidney injury (low GFR, hyperfiltration, proteinuria, or hypertension), and more than half of these had two or more signs.
Mammen et al. [13] assessed renal recovery in 126 of 299 children for a minimum of 1 year after an AKI episode in the intensive care unit. In their study, CKD was defined as an eGFR <60 ml/min/1.73 m 2 , 'CKD risk' was defined as an eGFR of 60-90 or >150 ml/min/1.73 m 2 . Abnormal GFR was observed in 57.1% of patients (CKD in 10.3% and 46.8% were at risk of CKD). These two studies, albeit small in size, demonstrate that CKD is a common occurrence in pediatric AKI survivors. While the actual percentages may be inflated due to positive ascertainment bias due to the incomplete assessment of the total cohorts, there were no demographic differences noted in either study between patients who participated and those who did not.
Garg et al. [14] performed a systematic review of 49 studies, comprising 3,476 patients who had hemolytic uremic syndrome, which is predominantly a pediatric disease. The pooled average of decreased GFR (<80 ml/ min/1.73 m 2 ) was 14.8% (12% died or had end-stage renal disease at the time of follow-up). Risk factors for CKD included prolonged oliguria or the need for dialysis for >4 weeks.
Renal Recovery in Young Adult and Older Patients
Renal recovery in older patients will be covered extensively in the remainder of this edition. However, it is important to note that most AKI and renal recovery studies in the 'adult' age group actually have assessed patients >60 years of age, even though the methods of adult studies always state that patients >18 years of age are eligible for enrollment. In fact, two of the largest adult AKI studies conducted in the last 5 years, the ATN and the Randomized Evaluation of Normal versus Augmented Levels of Renal Replacement Therapy (RENAL) trials [15, 16] , only had a combined 54 patients (total: 2,589 patients, 2.1%) aged 18-25 years enrolled [Paul Palevsky (Principal Investigator, ATN) and Rinaldo Bellomo (Principal Investigator, RENAL), pers. commun.]. Thus, we have little published data describing AKI rates in young adults to early middle-aged individuals, and, as a result, little knowledge of their renal recovery rates. Finally, as noted in other reviews in this volume, renal recovery from AKI in older individuals may be difficult to disentangle from the natural progression of loss of renal reserve and CKD development in the absence of AKI. In this way, the elderly are akin to the neonate who may lose renal reserve from AKI due to an impact on nephron development.
Conclusions
As was true 10 years ago before the development and validation of novel, multidimensional AKI classification systems, we are living in a similar definition confusion state with respect to renal recovery. Renal recovery ascertainment may be further confounded by the natural history of nephron development, renal reserve, and nephron loss at ends of the human age continuum. Progress in the field of renal recovery will depend on standardized definitions of functional recovery, and, perhaps, validation of novel damage biomarkers to yield early clues with respect to the progression of AKI to CKD.
